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Abstract: In this paper, we propose and experimentally demonstrate an orthogonal subblock divi-
sion multiple access (OSDMA) scheme for orthogonal frequency division multiplexing with index
modulation (OFDM-IM)-based multi-user visible light communication (MU-VLC) systems, where
both single-mode index modulation (SM-IM) and dual-mode index modulation (DM-IM) are con-
sidered. In order to overcome the low-pass frequency response and the light-emitting diodes (LED)
nonlinearity issues of practical MU-VLC systems, OSDMA is employed together with discrete Fourier
transform spreading (DFT-S) and interleaving. The feasibility and superiority of the proposed scheme
have been successfully verified via both simulations and hardware experiments. More specifically,
we evaluate and compare the peak-to-average power ratio (PAPR) performance and the bit error rate
(BER) performance of OFDM-SM-IM, DFT-S-OFDM-SM-IM, OFDM-DM-IM and DFT-S-OFDM-DM-
IM without and with interleaving. Experimental results show that remarkable distance extensions
can be achieved by employing DFT spreading and interleaving for both SM-IM and DM-IM in a
two-user OSDMA-VLC system.

Keywords: visible light communication (VLC); orthogonal frequency division multiplexing (OFDM);
index modulation (IM); orthogonal subblock division multiple access (OSDMA)

1. Introduction

In recent years, visible light communication (VLC) using white light-emitting diodes
(LEDs) for illumination and communication has been triggering great attention, which has
been widely recognized as one of the key enabling technologies of 6G and Internet of Things
(IoT) systems [1,2]. VLC has the inherent advantages of abundant unlicensed spectrum
resources, anti-electromagnetic interference and simple deployment in comparison to
traditional radio frequency (RF) communication [3]. For a practical multi-user VLC (MU-
VLC) system based on commercial white LEDs, its performance mainly face two key
challenges which are the limited modulation bandwidth and severe nonlinearity of LED [4].

For the bandwidth limitation issue of LEDs, various spectral-efficient modulation tech-
niques and multiple access techniques such as orthogonal frequency division multiplexing
(OFDM) and carrierless amplitude and phase (CAP) modulation employing high-order
constellations, multiple-input multiple-output (MIMO) and non-orthogonal multiple ac-
cess (NOMA) can be adopted to achieve high-speed MU-VLC systems [5-8]. In practical
orthogonal frequency division multiple access (OFDMA)-based bandlimited MU-VLC
systems, the allocated subcarriers of different users might experience different low-pass
frequency responses, leading to the degraded overall bit error rate (BER) performance.
To address this issue, analog or digital equalization techniques can be applied to flat the
system spectrum [9]. Nevertheless, excessive amplification of the power of high-frequency
subcarriers might not be feasible due to the limited dynamic range of LEDs [10]. It has been
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demonstrated in [11] that interleaved subcarrier multiplexing can be an effective way to en-
sure that the subcarriers of different users can have comparable signal-to-noise ratio (SNR)
performance. For the LED nonlinearity issue, the transmitted signals with reduced peak-to-
average power ratios (PAPRs) are less vulnerable to the nonlinearity, and discrete Fourier
transform (DFT) spreading can be an efficient approach to significantly reduce the PAPR of
OFDM signals [12,13]. Moreover, DFT-spread OFDM (DFT-5-OFDM), which is also known
as single-carrier frequency-division multiplexing (SC-FDM), has been widely applied in
various scenarios such as local area IMT-A [14] and intensity-modulation/direct-detection
(IM/DD) optical interconnects [15].

Recently, OFDM with index modulation (OFDM-IM) has being emerging as a promis-
ing technique for 5G and VLC systems, which can transmit additional index bits through
subcarrier index selection [16,17]. More specifically, OFDM-IM can be implemented in the
single-mode (SM) manner or the dual-mode (DM) manner. For OFDM-SM-1M, only a sub-
set of subcarriers within each subblock are selected and activated to transmit constellation
symbols, while the remaining subcarriers are simply left unmodulated. For OFDM-DM-IM,
all the subcarriers within each subblock are used to transmit constellation symbols, where
the selected subcarriers transmit constellation symbols corresponding to mode 1 while the
remaining subcarriers transmit constellation symbols corresponding to mode 2 [18,19]. It
has already been shown that OFDM-SM-IM is more power efficient than classical OFDM,
which achieves better BER performance than OFDM for relatively low spectral efficiencies.
Nevertheless, it is challenging for OFDM-SM-IM to achieve high spectral efficiency due
to the existence of unmodulated subcarriers. In contrast, OFDM-DM-IM can achieve high
spectral efficiencies, which is able to outperform both classical OFDM and OFDM-SM-IM
by carefully designing the dual-mode constellations. Nevertheless, both OFDM-SM-IM
and OFDM-DM-IM suffer from high PAPR as classical OFDM, which might not be suitable
for practical bandlimited MU-VLC systems with LED nonlinearity. Moreover, differing
from classical OFDM which can enable OFDMA for MU-VLC by allocating different users
with different subcarriers, subcarrier allocation is not suitable for OFDM-IM as both OFDM-
SM-IM and OFDM-DM-IM are performed within a complete subblock. To the best of
our knowledge, the efficient application of OFDM-IM techniques in practical bandlimited
MU-VLC systems has not yet been considered in the literature.

In this paper, we propose an orthogonal subblock division multiple access (OSDMA)
scheme for OFDM-IM-based MU-VLC systems, where both OFDM-SM-IM and OFDM-DM-
IM are considered. Moreover, DFT spreading and subcarrier interleaving are employed to
address the LED nonlinearity and the low-pass frequency response, respectively. Simula-
tions and experiments have been conducted to verify the feasibility and superiority of the
proposed scheme.

2. Osdma with DFT-Spreading and Interleaving for Bandlimited MU-VLC
2.1. The Review of OFDM-IM

We first review the principle of OFDM-SM-IM and OFDM-DM-IM. It is assumed that
the length of each subblock is N and the OFDM block consists of G subblocks.

2.1.1. OFDM-SM-IM

For OFDM-SM-IM, the constellation symbols from the constellation set M = [S1, Sy, ..., Sum]
is transmitted on the selected k subcarriers, while no data is transmitted on the non-
selected N — k subcarriers within each subblock, where M is the size of M. The mapping
table of OFDM-SM-IM for N =2 and k =1 is given in Table 1. At the receiver side, log-
likelihood ratio (LLR) detection is adopted which has been shown to be able to achieve
near optimal performance with relatively low computational complexity [16]. We assume
that yg (B=1,...,G;n =1,...,N) denote the input signal of the LLR detector, the LLR
value with B-th subblock for OFDM-SM-IM signal is shown by
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where Ny denotes the noise power. Hence, the spectral efficiency per subblock for
OFDM-SM-IM with M-ary quadrature amplitude modulation (M-QAM) constellation is
expressed by

1 Lk k1
SEOFDM-SM-IM = [log, (C(N )Izlj * ng(M), 2)

where |- | and C(, -) denote the floor operator and the binomial coefficient, respectively.

Table 1. Mapping table of OFDM-SM-IM with N =2 and k =1.

Index Bit Index Subblocks
0 1 [Sm, 0]

2.1.2. OFDM-DM-IM
For OFDM-DM-IM, the constellation symbols from the constellation set M, =
[Sf‘, S, Sf/IA] corresponding to mode 1 is transmitted on the selected k subcarriers,

while the constellation symbols from the constellation set Mp = [SB, S5, ..., SEAB} corre-
sponding to mode 2 is transmitted on the non-selected N — k subcarriers, where M4 and
Mp are respectively the sizes of M 4 and Mp, and M 4 N Mp = ¢. The mapping table of
OFDM-DM-IM for N =2 and k =1 is shown in Table 2. Moreover, the LLR value with B-th

subblock for OFDM-DM-IM signal is given by
AL =In(k) —In(N — k) +In Af X ,L‘ 7_ gAl?
‘B - = € p NO yﬁ i

M (©)
_ 1n<iexp (_1’y’7 N 55\2))
= Nyl78 7

The spectral efficiency per subblock for OFDM-DM-IM with M 4-QAM and Mp-QAM
constellations can be obtained as follows

_ bi+b.  |logy(C(N,k))| +klogy(Ma) + (N — k) log,(Mp)
SEQFDM-DM-IM = N - N ,

(4)

Table 2. Mapping table of OFDM-DM-IM with N =2 and k= 1.

Index Bit M 4 Index Mg Index Subblocks
0 1 2 S
! 2 1 [SP, 571

2.2. OSDMA with DFT Spreading and Interleaving

To efficiently apply OFDM-IM techniques in practical bandlimited MU-VLC systems,
we proposed an OSDMA scheme with DFT spreading and interleaving. In conventional
OFDMA-based MU-VLC, multiple access is achieved via subcarrier allocation among
multiple users. However, in the proposed OSDMA-based MU-VLC, multiple access is
enabled through subblock allocation. Figure 1a,b show the block diagrams of the transmitter
and receiver of the K-user OSDMA-MU-VLC system with DFT spreading and interleaving,
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respectively. Assuming the OSDMA-MU-VLC system consists of totally G subblocks
for valid data transmission and there subblocks are equally allocated to all the K users,
the number of subblocks for each user is G/ K. Hence, letting B denote the signal bandwidth
of the system, the achievable bandwidth of the k-th user is givenby By = B/K (k =1,...,K).
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Figure 1. Block diagrams of the K-user OSDMA-MU-VLC system with DFT-spreading and interleav-
ing: (a) transmitter and (b) receiver.

At the transmitter, as shown in Figure 1a, the input bits of the k-th user are first parti-
tioned into G /K groups through a bit splitter. In order to generate a subblock with length
N, the input bits of each subblock are further divided into index bits and constellation bits,
which are fed into the index selector and the SM /DM constellation mapper, respectively.
Subsequently, the G/K subblocks of the k-th user are combined by a subblock combiner
and DFT spreading is then executed to reduce the PAPR of the signal. After that, all the sub-
blocks for K users are further concatenated by a OFDM block creator to create a complete
OFDM block. Furthermore, interleaving is conducted to mitigate the adverse effect of the
low-pass frequency response of the LED. The detailed principle of interleaved subcarrier
multiplexing will be discussed in the next subsection. Finally, the transmitted signal is
generated after performing inverse fast Fourier transform (IFFT) with Hermitian symmetry
(HS) and the parallel-to-serial (P/S) conversion.

At the receiver, as can be seen from Figure 1b, the received signal of the k-th user is first
converted to a parallel signal via serial-to-parallel (S/P). Then, FFT and frequency-domain
equalization (FDE) are executed, and de-interleaving is also carried out. Subsequently,



Photonics 2022, 9, 373

50f12

the OFDM block is divided via a OFDM block splitter and inverse DFT (IDFT) is performed
accordingly. The G /K subblocks of the k-th user can be obtained through a subblock splitter.
In each subblock, a low-complexity LLR detector is adopted for signal detection. The index
bits and the constellation bits can be recovered through the index decoder and the SM/DM
constellation demapper, respectively. The final output bits can be generated by combining
the index bits and the constellation bits together via a bit combiner.

2.3. Interleaved Subcarrier Multiplexing

In order to address the adverse effect of the low-pass system frequency response on the
performance of the K-user OSDMA-MU-VLC system, interleaved subcarrier multiplexing is
performed at the transmitter side. Figure 2a,b illustrate the transmitted spectra without and
with interleaving for K = 2, respectively. For the case without interleaving, the subblocks
for user 1 are distributed in the low frequency region while the subblocks for user 2 are
distributed in the high frequency region. In contrast, for the case with interleaving, the sub-
carriers in each subblock are not adjacent each other and the subblocks of each user are
distributed over the overall frequency band. Figure 2¢,d show the received spectra without
and with interleaving for K = 2. Due to the low-pass frequency response of the system,
as can be seen from Figure 2c, the subblocks for user 2 suffer from much more significant
power attenuation than that of user 1. As a result, user 1 might achieve a much better BER
than that of user 2, leading to a remarkable BER imbalance and hence a degraded overall
BER performance of the system. However, when interleaving is performed, as shown
in Figure 2d, user 1 and user 2 suffer from a comparable low-pass frequency response.
Consequently, user 1 and user 2 might achieve comparable BER performance, which results
in a much improved overall BER performance of the system.

AA Yy
I I Subblocks foruser 1 - - | i Subblocks for user 2
[ [ I
A Power A Power
AR 2 A AANAA ATATA AN ATRAA
I 1 & i | |
[ I I
P I [
N I -
[ | I
L 1 1 | Frea | ) | | | :Fred
(a) Tx, w/o interleaving (b) Tx, w/ interleaving
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o .S I I A
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I T T B A I L A
I ' . [
I I I | | l
T S S 3OO I | 1 iTred
(¢) Rx, w/o interleaving (d) Rx, w/ interleaving

Figure 2. Illustration of transmitted spectrum (a) without interleaving and (b) with interleaving,
and received spectrum (c) without interleaving and (d) with interleaving.
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3. Results and Discussions

In this section, we conduct numerical simulations and hardware experiments to
evaluate the performance of the proposed OSDMA scheme with DFT spreading and
interleaving for OFDM-IM-based MU-VLC systems. Moreover, the following four schemes
are considered, including OFDM-SM-IM, DFT-S-OFDM-SM-IM, OFDM-DM-IM and DFT-
S-OFDM-DM-IM. In both simulations and experiments, the length of IFFT/FFT is set to
256 and a total of 108 (i.e., 2nd to 109th) subcarriers are utilized to transmit useful signals.
Moreover, we consider each subblock with length N =2 and k = 1 subcarrier is selected
via index selection. For all four schemes, a target spectral efficiency of 2.5 bits/s/Hz is
considered. Hence, according to (2) and (4), we set M = 16 for OFDM-SM-IM/DFT-5-OFDM-
SM-IM and Mp = Mp = 4 for OFDM-DM-IM/DFT-S-OFDM-DM-IM. Specifically, square 16-
QAM constellation is adopted for OFDM-SM-IM / DFT-S-OFDM-SM-IM, while the specially-
designed circular (7,1)-QAM constellation is considered for OFDM-DM-IM/DFT-S-OFDM-
DM-IM [20].

3.1. Simulation Results

In our simulations, we evaluate and compare the PAPR and BER performance of
the considered four schemes. It can be clearly seen from Figure 3 that DFT-S-OFDM-SM-
IM slightly outperforms OFDM-SM-IM and a PAPR reduction of 0.4 dB is obtained at a
probability of 1073, which might be due to the existence of a large number of unmodulated
subcarriers during OFDM modulation. In contrast, a substantial PAPR reduction of 1.9 dB
at a probability of 103 can be achieved by DFT-S-OFDM-DM-IM in comparison to OFDM-
DM-IM. As a result, DFT spreading can be considered as an efficient way to reduce the
PAPR of OFDM-1M, especially for OFDM-DM-IM. It should be noted that performing
interleaved subcarrier multiplexing does not affect the PAPR performance of the above-
mentioned schemes.

lOl) ; T T T T T T
r “’%\ -------- OFDM-SM-IM
‘\\\ —--—-DFT-S-OFDM-SM-IM
“> |- - OFDM-DM-IM
"{:\\\ — DFT-S-OFDM-DM-IM| ]
107 F \ ;
= A
:
- A
AR
\ \
102 F i ]
g \ :
‘\ "‘.\
‘\‘ -':“\\
L SN
Vot
LY
LYY
1073 1 I 1 L 1 P LY .
7 3 9 10 11 12 13 14 15
PAPR (dB)

Figure 3. PAPR comparison of OFDM-SM-IM, DFT-S-OFDM-SM-IM, OFDM-DM-IM, and DFT-S-
OFDM-DM-IM.

Figure 4a shows the simulation BER versus signal-to-noise ratio (SNR) for OFDM-SM-
IM and DFT-S-OFDM-SM-IM without and with interleaving over a low-pass VLC channel,
where the noise is modeled as the additive white Gaussian noise (AWGN) and the adopted
low-pass frequency response is measured from the experimental VLC system which can be
found in Section 3.2. As we can see, OFDM-SM-IM with interleaving slightly outperforms
OFDM-SM-IM without interleaving by an SNR gain of 0.5 dB at the 7% forward error
correction (FEC) coding limit of BER = 3.8 x 10~3. Moreover, an SNR gain of 1.2 dB can
be obtained by DFT-S-OFDM-SM-IM without interleaving in comparison to OFDM-SM-
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IM without interleaving. It is clearly to see that the combination of DFT spreading and
interleaving can lead to a significant 3-dB SNR gain for OFDM-SM-IM. Figure 4b depicts
the simulation BER versus SNR for OFDM-DM-IM and DFT-S-OFDM-DM-IM without
and with interleaving over the low-pass VLC channel. It can also be observed that DFT-S-
OFDM-DM-IM with interleaving outperforms DFT-S-OFDM-DM-IM without interleaving,
OFDM-DM-IM with interleaving and OFDM-DM-IM without interleaving by SNRs gain of
1.8, 2.4 and 3.5 dB, respectively.

T T T T T T T T

-& OFDM-SM-IM, w/o interl. - OFDM-DM-IM, w/o interl. E

—&-DFT-S-OFDM-SM-IM, w/o interl. —&-DFT-S-OFDM-DM-IM, w/o interl.

-6 OFDM-SM-IM, w/ interl. -6 OFDM-DM-IM, w/ interl. 1

—6—DFT-S-OFDM-SM-IM, w/ interl. ——DFT-S-OFDM-DM-IM, w/ interl.
R

Average BER
Average BER

14 16 18 20 22
SNR (dB) SNR (dB)

Figure 4. Simulation BER vs. SNR for (a) OFDM-SM-IM and DFT-S-OFDM-SM-IM and (b) OFDM-

DM-IM and DFT-S-OFDM-DM-IM without and with interleaving over the low-pass VLC channel

(w/o: without, w/: with, interl.: interleaving).

3.2. Experimental Results

We further experimentally investigate the performance of the OSDMA-MU-VLC
system. The experimental setup of a two-user OSDMA-VLC system is shown in Figure 5a,
where the transmitted signal is firstly generated offline by MATLAB and then sent to
an arbitrary waveform generator (AWG, Tektronix AFG31102) with a sampling rate of
100 MSa/s. As a result, the bandwidth of the AWG output signal is 42 MHz and the data
rate is 105 Mbits/s for all the schemes. The peak-to-peak voltage (Vpp) of the AWG output
signal is 3 V. After that, the AWG output signal is combined with a 35-mA DC bias current
via a bias-tee (bias-T, Mini-Circuits ZFBT-6GW+) to drive the infrared LED. At the receiver
side, each user is equipped with an avalanche photo-diode (APD, Hamamatsu C12702-12)
to detect the optical signal and perform optical-to-electrical (O/E) conversion. It can be
seen from Figure 5a the two users have the same vertical offset of 10 cm from the center of
the LED while the horizontal distance is in the range between 40 to 80 cm. Subsequently,
the received electrical signal of each user is captured by a digital storage oscilloscope (DSO,
Tektronix MDO32) with a sampling rate of 500 MSa/s, which is further processed offline by
MATLAB. Moreover, the square 16-QAM constellation for OFDM-SM-IM / DFT-S-OFDM-
SM-IM and the circular (7,1)-QAM constellation for OFDM-DM-IM /DFT-S-OFDM-DM-IM
are shown in the insets (i) and (ii) of Figure 5a, respectively. The photo of the overall
experimental system is given in Figure 5b. Figure 6 shows the measured frequency response
of the VLC system which is obtained by using the OFDM-based channel estimation method.
As we can see, the system exhibits a typical low-pass characteristic and the -3dB bandwidth
is 15.6 MHz.
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Figure 5. (a) Experimental setup of a two-user OSDMA-VLC system and (b) the photo of the
experimental system.

EOE frequency response (dB)
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Frequency (MHz)

Figure 6. EOE frequency response of the experimental VLC system.

Figure 7 shows the measured average received SNR of each user without and with
interleaving versus the length of IFFT/FFT, where the transmission distance is 60 cm. As we
can observe, as the length of IFFT/FFT is increased from 16 to 256, the average received
SNR of each user is gradually increased. Moreover, the average received SNR of each
user becomes stable when the length of IFFT/FFT is larger than 256. For the case without
interleaving, the average received SNRs of 17.4 and 9.4 dB are obtained by user 1 and user 2,
respectively, when the length IFFT/FFT is 256. Hence, there exists an SNR difference of
up to 8 dB for two users which is mainly caused by the low-pass frequency response of
the bandlimited VLC system. In contrast, for the case with interleaving, the two users
can achieve comparable SNRs when the length of IFFT/FFT reaches 256, indicating that
interleaved subcarrier multiplexing is an efficient approach to mitigate user SNR unbalance.
In our following experiments, the length of IFFT/FFT is fixed as 256.
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- User 1, w/o interl.
-& User 2, w/o interl.
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O L L L
16 64 128 256 512

IFFT/FFT length
Figure 7. Average received SNR vs. IFFT/FFT length of the DFT-S-OFDM signal (w/o: without, w/:

with, interl.: interleaving).

Figure 8a,b show the measured BER versus the transmission distance for DFT-S-
OFDM-5M-IM and DFT-S-OFDM-DM-IM, respectively. For DFT-5-OFDM-SM-IM without
and with interleaving, as shown in Figure 8a, the BERs of all schemes can reach the 7%
FEC coding limit of 3.8 x 1072 within the distance range of 40 to 70 cm. It can be clearly
seen that the BERs of the two users for DFT-S-OFDM-SM-IM without interleaving are quite
different and the maximum distances that can be transmitted by user 1 and user 2 below
BER = 3.8 x 1073 are over 70 cm and about 45.3 cm, respectively. In contrast, for DFT-S-
OFDM-SM-IM with interleaving, the two users can achieve comparable BERs and nearly
the same maximum distances of about 61 cm can be achieved. The same conclusion can
be found for DFT-S-OFDM-DM-IM, as shown in Figure 8b, which agrees well with the
findings in Figure 6.

=8~ Userl, DFT-S-OFDM-DM-IM, w/o interl.
=3 User2, DFT-S-OFDM-DM-IM, w/o interl.
=8~ Userl, DFT-S-OFDM-DM-IM, w/ interl.
=3 User2, DFT-S-OFDM-DM-IM, w/ interl.

=8~ Userl, DFT-S-OFDM-SM-IM, w/o interl.
=3 User2, DFT-S-OFDM-SM-IM, w/o interl.
—8-Userl, DFT-S-OFDM-SM-IM, w/ interl. -
- User2, DFT-S-OFDM-SM-IM, w/ interl. | - =

- a°

107 :
40 50 60 70 40 50 60 70 80

Distance (cm) Distance (cm)
Figure 8. Measured BER vs. distance for (a) DFT-S-OFDM-SM-IM without and with interleaving and
(b) DFT-S-OFDM-DM-IM without and with interleaving (w/o: without, w/: with, interl.: interleaving).

Figure 9 shows the measured average BER versus transmission distance for different
schemes. As shown in Figure 9a, the maximum distance below BER = 3.8 x 1072 that can be
achieved by OFDM-SM-IM without interleaving is 48.3 cm, which is slightly increased to
53.2 cm when interleaving is performed. The maximum distances below BER = 3.8 x 1073
for DFT-S-OFDM-SM-IM without and with interleaving are 51.2 and 60.8 cm, respectively.
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Hence, an distance extension of 14.24% is obtained by DFT-S-OFDM-SM-IM with interleav-
ing in comparison to that without interleaving. Moreover, it can be seen from Figure 9b
that a significant distance extension of 40.2% is obtained for DFT-S-OFDM-DM-IM with
interleaving when compared with OFDM-DM-IM with interleaving, while DFT-5-OFDM-
DM-IM with interleaving also achieves a distance extension of 19.1% in comparison to
that without interleaving. The results shown in Figure 9a,b indicate that it is beneficial to
perform DFT spreading and interleaving in OSDMA-based practical MU-VLC systems.
In addition, the corresponding received constellation diagrams are depicted in Figure 10a-h.
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—&-DFT-S-OFDM-DM-IM, w/o interl. -z
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Figure 9. Average BER vs. distance for (a) OFDM-SM-IM and DFT-S-OFDM-SM-IM without and
with interleaving and (b) OFDM-DM-IM and DFT-S-OFDM-DM-IM without and with interleaving
(w/o: without, w/: with, interl.: interleaving).

Figure 10. The received constellation diagrams for: (a) OFDM-SM-IM, 16QAM, 50 cm, with-
out interleaving, (b) DFT-S-OFDM-SM-IM, 16QAM, 50 cm, without interleaving, (c) OFDM-SM-
IM, 16QAM, 50 cm, with interleaving, (d) DFT-S-OFDM-SM-IM, 16QAM, 50 cm, with interleaving,
(e) OFDM-DM-IM, circular (7,1)QAM, 60 cm, without interleaving, (f) DFT-5-OFDM-DM-IM, circular
(7,1)QAM, 60 cm, without interleaving, (g) OFDM-DM-IM, circular (7,1)QAM, 60 cm, with interleav-
ing, and (h) DFT-S-OFDM-DM-IM, circular (7,1)QAM, 60 cm, with interleaving.

4. Conclusions

In this paper, a novel OSDMA scheme is proposed and investigated for OFDM-IM-
based MU-VLC systems. Moreover, DFT spreading and interleaved subcarrier multiplexing
are further introduced to address both the low-pass frequency response and the LED
nonlinearity issues of practical MU-VLC systems. It has been verified through numerical
simulations and hardware experiments that both OFDM-SM-IM and OFDM-DM-IM can
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achieve substantial performance improvements when DFT spreading and interleaving
are performed. More specifically, simulation results show that more than 3-dB SNR gains
can be obtained when DFT spreading and interleaving are performed for both OFDM-
SM-IM and OFDM-DM-IM over a low-pass VLC channel, while experimental results
demonstrate that substantial distance extensions of 40.2% and 19.1% can be achieved by
DFT-S-OFDM-DM-IM with interleaving compared with OFDM-DM-IM with interleaving
and DFT-S-OFDM-DM-IM without interleaving, respectively. Therefore, OSDMA with
DFT spreading and interleaving can be a promising candidate for practical high-speed
MU-VLC systems.
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